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Summary

This report presents the devel opment, characterization,
and arc-jet testing of Phenolic Impregnated Carbon
Ablators (PICA), amember of the Lightweight Ceramic
Ablators (LCA) family developed at Ames Research
Center. LCAs consist of alow density fibrous substrate
impregnated with an organic resin. PICA uses apre-
formed fibrous carbon tile manufactured by Fiber
Materials, Inc. as the substrate, and phenolic as the
organic infiltrant. Innovative infiltration techniques were
developed to produce PICA with densities ranging from
14 to 65 |bm/ft3; however, only the low density PICA
samples were used to evaluate the material’ s thermal
performance. Arc-jet testing of low density PICA showed
that these materials can withstand very high heating rates
and surface pressures and are more mass efficient than
most traditional ablative materials (ref. 1). The manufac-
turing process of PICA has since been refined to give
repeatable performance among batches, and its thermal
performance is being further evaluated. Surface densifica
tion was also recently developed to improve the ablation
characteristics in high heating and surface pressure
environments.

The thermal performance and ablation characteristics of
PICA were evaluated in an oxidizing environment in the
Ames Research Center 60 megawatt (MW) Interaction
Heating Facility (IHF). Samples of PICA with and
without surface densification, the carbon preform, and
Avcoat-5026 (the Apollo heat shield), were tested at cold
wall heat fluxes of 375 to 2960 Btu/ft2-s and surface
pressures from 0.1 to 0.43 atm. Resulting heat |oads
during these tests ranged from 5500 to 29,600 Btu/ft2.
Surface and in-depth temperatures were measured using
optical pyrometers and thermocouples, respectively. Mass
loss was measured for each sample and surface recession
was measured using a height gage. Various material
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characterization tests were also performed on virgin
(pre-test) and charred (post-test) PICA samples.

I ntroduction

During the past two decades, there has been very little
effort toward developing new lightweight ablative heat
shields for planetary entry vehicles. Traditional ablators,
such as SLA-561V and Avcoat-5026H/C, were devel oped
several decades ago to support the Viking and Apollo
missions. In recent years, the nationa priority has been
re-focused on the exploration of other planets, and the
need for advanced ablative materials became apparent.
These planetary missions would require a heat shield that
can withstand very high heating rates and shear loads,
while providing the necessary thermal protection for the
interior of the vehicle. In addition, alow density material
is desirable to minimize the weight of the heat shield,
allowing the weight of the scientific payload to be
maximized.

A family of materials called Lightweight Ceramic
Ablators (LCAS) were developed at Ames Research
Center to fulfill the needs of these future planetary
missions. LCAs are low density materials that utilize
precursor technologies to simplify the manufacturing
process and minimize manufacturing costs. Arc-jet tests
show that these materials can withstand very high heating
rates and shear loads with a savingsin weight up to 50%
when compared to traditional ablators (ref. 1).

The manufacturing processes of LCASs have been
significantly improved since their initial conception, and
several optimization approaches were investigated. The
objective of this arc-jet test series was to investigate the
thermal performance and ablation characteristics of
various compositions of PICA at awide range of heat
fluxes, surface pressures, and heat loads.

Materials

LCAs, in general, consist of afibrous ceramic substrate
impregnated with an organic resin. PICA utilizesa
fibrous carbon Fiberform® insulation manufactured by



Fiber Materials, Inc.1 and phenolic resin as the infiltrant.
Fiberformis a commercia insulation material which has
been optimized for vacuum or inert furnaces. Fiberform
is produced by chopping carbon fibers of 14-16 um
diameter and 1600 um length in awater slurry. A water
soluble phenalic resin is added to the slurry, mixed and
vacuum cast. The green hillet isthen dried, resin cured,
and carbonized to 1440°F, and then heat treated at
3240°F. Dueto its high porosity, the Fiberform, in
general, has fairly low thermal conductivity compared to
the high density solid graphite and its counter part, the
carbon foam. It is also the basisin the selection of high
temperature substrates for LCA materials.

The SC1008 phenalic infiltrant used in the production of
PICA is a phenol-formaldehyde resin formed through
polycondensation reactions between phenol and formalde-
hyde in the presence of suitable catalysts by aone- or
two-stage process (ref. 2). Figure 1 shows the polymeri-
zation process of the phenolic resins using a one-stage
process (a); the reaction isinterrupted at A- or B-stage
resins to prevent crosslinking. For the two-stage process
(b), the reaction can be carried out nearly to completion
without three-dimensional crosslinking. Final cross-
linking is accomplished after application of A- or
B-stage resins or molding powder to produce a thermoset
material. Figure 2 shows the molecular structure of the
cured phenalic resins.

Initial densities of the carbon Fiberform used in thistest
series ranged from 8.5 to 11 Ibm/ft3. Innovative impreg-
nation techniques? were used to produce standard PICA
test samples with final densities ranging from 14 to

17 Ibrmvft3,

Surface densification was performed on several test
samples to investigate the difference in ablation charac-
teristics and thermal performance when compared with
standard PICA samples. Surface densification increased
the final densities of the PICA materials, ranging from
18 to 23 |bm/ft3. Table 1 summarizes the composition of
each densified test sample, denoted with a“D” following
the sample identification number. Several samples of the
carbon substrate (10 to 11 Ibm/ft3) and one sample of the
traditional ablator Avcoat-5026 (32 Ibm/ft3) were tested
to compare with the PICA samples.

1Fiber Materials, Inc., “ Some Comments on the Thermal
Conductivity of Carbon Fiberform Insulation,” FMI internal
report.

2patent pending.

Material Testing and Analysis

It is necessary to obtain the thermophysical and thermo-
chemical properties of the material to evaluate the
ablation characteristics and thermal performance. Various
tests were performed to characterize and fully understand
the performance of the various compositions of PICA.

1. Thermal Properties M easurements

Initial thermal property measurements were taken to
characterize PICA material. Thermal conductivity
measurements were made on the Fiberform and PICA
materials, and thermogravimetric analysis was performed
on the phenolic resins and PICA material in an inert and
oxidizing environment.

a. Thermal conductivity

Fiberform is commercially used as insulation for vacuum
and inert furnaces, thus, its thermal conductivity isfairly
low. The material exhibits an anisotropy in its thermal
and mechanical performance. The thermal conductivity
in the strong direction, i.e., direction of fibers, is about
2.4 times higher than that of the weak direction, through
the thickness. In most cases, the ablating surface on a
typical heat shield would be perpendicular to the weak
direction. The thermal conductivity of this material
increases with increasing temperature and can be
expressed as an Arrhenius function (ref. 3),

K = AeBT
where
K thethermal conductivity, Btu-in/ft2-hr-°F

A amaterial dependent constant, which isin essence,
the thermal conductivity at 32°F

B amaterial dependent constant which is a measure of
how rapidly the thermal conductivity increases
with temperature

T the mean temperature, °F

Figure 3 shows the typical behavior of the thermal
conductivity of the Fiberform as a function of mean
temperature. The influence of density on the conductivity
coefficients A and B are shown in figures 4 and 5, respec-
tively. As expected, the coefficient A increases with
density, but coefficient B isinversely proportiona to
density. The primary reason for thisinversetrend is
theinfluence of internal radiative heat transfer on the
thermal conductivity in afibrous material. Asthe density
increases, the porosity decreases, and the internal
structure has more integrity, which resultsin areduction
of the radiation contribution to the overall heat transfer.



The importance of internal radiative heat transfer on the
overall thermal conductivity at high temperaturesis
demonstrated in figure 6, which shows the combined
influence of density on conductivity for Fiberform asa
function of temperature (see footnote 1). The low density
materials (9 and 10.6 Ibm/ft3) have lower thermal conduc-
tivity at temperatures up to 2000°F, but cross over to a
much higher conductivity above 2000°F. Fiberform with
adensity of 14.4 Ibm/ft3 has adlightly higher thermal
conductivity at temperatures below 2000°F and signifi-
cantly lower conductivities at temperatures in excess of
2700°F.

Thermal conductivities of PICA materials were measured
at various pressures using the ASTM D 27766-86 and
ASTM E1461-92. PICA with 30% phenalic resin in the
10 Ibm/ft3 density Fiberform was selected for this
measurement. Thermal conductivity was calculated at
each temperature from the measured thermal diffusivity,
a, density, p, and heat capacity, Cp by using the
following expression, K = a p Cp,

Figures 7, 8, and 9 show the heat capacity, thermal
diffusivity, and thermal conductivity, respectively, of
PICA-15 (10 Ibm/ft3 Fiberform and 4.5-5 lbm/ft3
phenolic) at pressures of 0.05, 0.01, 0.001 atm. The
results show that pressure has a small effect on the
conductivity of PICA, and at temperatures below
2000°F, PICA has athermal conductivity of about

2.56 Btu-in/hr-ft2-°F. As the temperature increases to
5000°F, the thermal conductivity reaches as high as
11.91 Btu-in/hr-ft2-°F. It isinteresting to note that the
thermal conductivity of PICA isafactor of two lower
than that of the original Fiberform (10.6 Ibm/ft3 on fig. 6)
at higher temperatures, and is almost equal to that of the
Fiberform of the same density (14.4 |bm/ft3 on fig. 6).
The presence of phenolic reduces the pore size within the
matrix and thus reduces the radiation term in the heat
transfer balance equation. This result is consistent with
internal radiative heat transfer theory.

b. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis measures the mass change of
a decomposing material as afunction of temperature at a
constant heating rate. The decomposition temperature and
the char yield of the polymer can be determined from this
analysis. TGA analysis on post-test samples provides
insight into the amount of pyrolysisthat occurred through
the thickness of the material.

Figure 10 shows the char yields obtained from TGA for
the phenolic resin tested in argon. Typically, phenolic
has about 50-60% char yield depending on the relative
degree of cross-linking of the molecules. As shownin
figure 10, the phenolic begins to pyrolyze at about 300°F,

and the pyrolysisis complete at 1400°F, yielding a char
residue of 62.563%. Figures 11(a) and (b) show the
decomposition processfor PICA inargon and in air at
aheating rate of 20°/min. In both air and argon, the
weight loss begins at approximately 700°F and is com-
pleted at about 1300°F for the argon case, and 1500°F for
the air case. In argon, the weight lossin PICA exhibits a
smooth transition and yields a char residue of 78.472%.
In air, the weight loss of PICA consists of two stages.
Thefirst stage, from 500°F to 1100°F, is weight loss due
to gas pyrolysis of phenolic and is consistent with that
observed in argon. The second stage is due to the
oxidation of the carbonaceous char which is complete

at 1500°F.

2. Mechanical Properties M easurements

The tensile strength of PICA-15 was measured in the
transverse and in-plane directions, and the compressive
strength is currently being studied.

Tensile strength of PICA-15 in both transverse and
in-plane directions was measured by using the

Instron 1211. The transverse direction is defined as the
casting direction, which is perpendicular to the ablating
surface, and the in-plane direction is parallel to the
ablating surface. Fifteen one-inch cube samples were
measured for each direction to give the average values,
standard deviations, and the coefficient of variation listed
in table 2. Coefficient of variation is defined as the ratio
of standard deviation to the mean value. Figures 12 and
13 show the typical stress—strain curves of PICA-14in
both transverse and in-plane directions, respectively. As
expected, PICA is quite brittle, and the failure strain is
less than 1.0%, and the failure strain in the transverse
direction is afactor of two higher than that of the in-plane
direction. The tensile strength of the transverse direction
is about one order of magnitude lower than that of the
in-plane direction. This behavior is very typical in fibrous
materials.

3. High Enthalpy, Hyper sonic Flow Environment
a. Facility

An arc-jet test series was conducted in the Ames

60 megawatt (MW) Interaction Heating Facility (IHF).
In general, an arc-jet facility uses an electrical discharge
to heat a gas stream to a very high temperature. The test
gas, which is air for the case of the IHF facility, is heated
by an electrical discharge within a 3.15 inch diameter
constrictor column (ref. 4). The heated gas is then super-
sonically expanded through a converging-diverging,

13 inch diameter conical nozzle exit , and discharged
into an evacuated test chamber where the test model is



mounted onto a swing arm. The resulting highly ener-
getic, or high enthalpy, flow can simulate the aerothermo-
dynamic heating environments experienced by space
vehicles during planetary entry or earth re-entry. The IHF
can produce enthal pies approaching 20,000 Btu/Ibm and
velocities up to Mach 8.

Calibration tests were first performed to determine the
heat fluxes and stagnation pressures at given facility
conditions. Heat fluxes and stagnation pressures were
varied by adjusting the facility current, air pressure, and
test model distance from the nozzle exit. A four-inch flat
faced copper calibration probe, shown in figure 14, was
instrumented with two slug calorimeters to measure the
heat fluxes, and a pressure port to measure the stagnation
pressures. For test conditions that required high stagna-
tion pressures at lower heat fluxes, cold air was injected
downstream of the arc heater. This“add air” condition
increases the total chamber pressure, and in turn,
increases the stagnation pressure on the test model.
Several cdibration runs were conducted at each test
condition to verify repeatability and to obtain statistical
data. Since heat flux is dependent on the model nose
radius, the data obtained from the calibration probe was
related to each model size through a simplified Fay-
Riddell equation (ref. 5):

Ghemi = CyPt2/ Ry @

where Qpem isthe heat flux in Btu/ft2-s on a hemi-
spherical surface, P2 is the stagnation pressure, Ry, is
the nose radius of the test model, and C isthetotal heat
transfer coefficient. Stewart’s correlation (ref. 6) isthen
used to relate the hemispherical surface to the flat faced
cylinder of the same base radius:

AFF =1.870hemi

Table 3 shows the calibration data from the calibration
probe and the resulting heat fluxes for each test model
size. Thefacility current, arc chamber air pressure (Pcp),
total pressure (P, includes Pch and “add air” pressure),
and calorimeter position (x) are listed in the facility con-
ditions section of table 3. The stagnation pressure and
cold wall heat flux, g, are the measurements taken
from the calibration probe. The remaining columns are
the resulting heat fluxes on the various model sizes. The
correlation of equation 2 isonly valid if the Rg/Rp ratio is
less than 0.31, where R is the corner edge radius and Ry
isthe base radius of the model (ref. 7).

The stagnation point, cold wall heat flux on models with
diameters less than 4.0 inches was corrected for the effect
of corner radius, as shown in the last three columns of
table 3. Zoby and Sullivan (ref. 7) developed a scheme to
determine the effect of corner radius on stagnation-point

Rn=Rp 2

velocity gradients on blunt bodies at 0° angle of attack.
The blunt bodies used in their studies consisted of arange
of ratios of body radius to nose radius, Rp/Rp, from 0.0
(flat-faced cylinder) to 1.0 (hemisphere), and ratios of
corner radius to body radius from 0.0 (sharp) to 0.3. The
results from Zoby’ s studies were used to calculate the
effective radius for each model size since the heat flux is
proportional to the square root of the velocity gradient.

b. Test Models

Test models of various shapes and sizes, as shown in
figure 15, were produced to allow testing in awide range
of cold wall heat fluxes. Still photographs, video during
tests, weight, and thickness measurements were taken

at pre- and post-test for each model. The thickness
measurement used a height gage and a template, shown

in figure 16, to ensure that the measurements were taken
at the same points on the model surface before and after
testing. The thickness of the cylindrical-shaped test
models was measured with a caliper due to its geometry.
Most models were instrumented with one to three K-type
thermocoupl es to measure the in-depth temperature
response of the material during test and during the cool-
down period. Surface temperatures were measured by two
2-color optical pyrometers; one was mounted inside the
test chamber, and the other was outside the test chamber.
The pyrometer outside of the test chamber viewed the test
model’ s surface by way of agold mirror, through a quartz
viewing window; therefore, the temperature obtained
from the outside pyrometer requires a correction for
window transmission losses.

4. Material Thermal Response Modeling

The material thermal response model was generated
using the Charring Materials Analysis code (CMA) from
Aerotherm Corp. The therma model was validated with
thermocouple data from the arc jet testing. The results

of the analysis consist of the B-primetable, effective
thermal conductivity, effective specific heat, and decom-
position kinetics of PICA. The CMA analysis uses the
reaction rate information obtained from the TGA curves
and XPS of the char to generate the input deck and
B-prime curves. The measured thermal conductivity and
thermocoupl e data from the arc jet testing are used in the
fine adjustment and validation of the thermal model. A set
of effective thermal properties and B-prime curves are
generated once the model is validated.

5. X-ray Photoelectron Spectroscopy (XPS)

Elemental composition analysis of virgin PICA and a
charred sample was performed using X-ray Photoel ectron
Spectroscopy (XPS). XPS measures the kinetic energy of



photoel ectrons produced from a single x-ray source. The
kinetic energy, ExE, isthen used to calculate the binding
energy, Egg, using the following equation:

Ege =hu-Ekg - @ ®)

XPS survey yields elemental compositions and bonding
information to enable determination of composition and
compound characteristics of materials.

6. Infrared (IR) and Ultraviolet (UV)
Spectrophotometry?

The spectral hemispherical reflectance of virgin and
charred PICA specimens was measured at room tempera-
ture over awavelength range of 0.25 pmto 18 um. A
Perkin-Elmer Lambda-9 spectrophotometer was used for
measurements from 0.25 pm to 2.5 pm and a BIORAD
FTS-40 spectrophotometer was used for measurements
from 2.5 pmto 18.0 pm.

Results and Discussion
1. Arc-Jet Test Results

Test conditions are tabulated in table 4 and test results,
shown in table 5, are arranged in order of increasing heat
flux and stagnation pressure. The density of each test
sampleislisted, aswell as pre- and post-test measure-
ments of weight and sample thickness. The resulting mass
loss and stagnation point recession were then cal culated
and are also listed in table 5. Average recession values
are the average of al recession points obtained from the
template. The recession on the outer edge of the model
surfaceis higher than that of the stagnation region due to
higher heating and shear stress on the corner edge of the
flat faced cylinder. Surface temperatures, measured by
the optical pyrometers, are also reported in table 5. The
effective heat of ablation, Hf, isincluded in the table
to evaluate the performance of each material and is
normalized to the virgin density. The effective heat of
ablation is defined as follows (ref. 1):

q
Heff = — = 4
SPv

where gy isthe stagnation point cold wall heat flux,

s isthe recession rate (average recession divided by test
time), and p,, isthedensity of the virgin PICA sample.

SEstimation of temperature dependent emittances for PICA.
Analysis and measurements were done by Jochen Marschall of
Thermosciences Institute at Ames Research Center.

a. Sandard PICA samples

Test results of standard PICA samples can be divided
into three different regimes. In the first regime, at acold
wall heat flux range of 300 to 400 Btu/ft2-s, as shown

in table 5, the ablation performance is oxidation rate
controlled. The recession, caused primarily by oxidation,
is evident by the decreasing trend of the effective heat

of ablation as the stagnation pressure increases. In this
heating range, the higher the stagnation pressure, the
higher the concentration of oxygen atoms diffusing into
the boundary layer, therefore the higher oxidation rate and
thus a higher surface recession.

At heating rates above 400 Btu/ft2-s, up to 1400 Btu/ft2-s,
the ablation characteristic of PICA isdiffusion controlled,
and the main mechanism of heat rejection is re-radiation.
The material becomes more efficient with increasing
stagnation pressure, and is evident by the increasing trend
in Hefs . Figure 17 shows the effective heat of ablation as
afunction of cold wall heat flux for standard PICA at
stagnation pressures from 0.11 to 0.43 atm. The H¢f
curve shows that PICA ismost efficient at a heating rate
range of 1200 to 1800 Btu/ft2-s at 0.43 atm. Due to arc
jet facility limitations, it was not possible to test PICA
material at stagnation pressures above 0.43 atm. Major
modification to the facility is required to accomplish

such testing.

The third regime, sublimation rate controlled, occurs at
heating rates above 1800 Btu/ft2-s where the surface
recession is primarily due to sublimation of the carbon.
The surface temperature at this heating range is extremely
high, such that the carbon fibers at the surface begin to
sublime, thus contributing to the high recession. It is
interesting to note that Hggs at these heating ratesis till
significantly higher than that of the oxidation regime.

Visual inspection of models at post test shows no sign

of spallation, i.e., the recessed surface is very smooth,
including the corner edge where the heating rate and
shear stressis almost double that of the stagnation region
(ref. 8). Appendix E shows two examples of the pre- and
post-test condition the PICA models.

Figure 18 shows the in-depth temperature response for a
standard PICA sample at 500 Btu/ft2-s, 0.42 atm stagna-
tion pressure, and atotal heat load of 12,500 Btu/ft2.
Surface temperature, measured by the optical pyrometer
and corrected for actual material emissivity and trans-
mission losses due to the viewing window and mirror, is
plotted on the primary y-axis. In-depth temperatures,
measured by thermocouples, are plotted on the secondary
y-axis. Thermocouple locations were measured more
precisely after testing, and actual locations are labeled on
the plots. While the surface temperature is approaching



5000°F, approximately 0.5 inch from the surface the
temperature peaks at about 1800°F. Even more dramatic
isthat at 1.2 inches from the surface, the temperature
peaks at only 700°F, and at 1.6 inches from the surface,
the temperature reaches only 300°F after 270 seconds.
These results demonstrate the fairly good insulative
properties of PICA, and indicate that most of the heat is
rejected by reradiation. Figure 18 also shows that PICA
has avery low heat capacity and since the material has
85% porosity, the heat is being rejected at the surface
rather than stored in heat conduction. This thermal
response result shows that PICA could be directly bonded
to the structure of avehicle without additional insulation,
and complex heat shield gjection is not required for
planetary entry missions. In most cases, the ablative heat
shield is directly bonded to the spacecraft structure;
however, additional thickness of the heat shield is used
to maintain the desirable structure temperature. PICA
thickness could be minimized due to its good in-depth
thermal response. As shown in table 4, the same
instrumentation scheme was used for other models at
other test conditions, and the in-depth temperature
responses for these models are included in Appendix A.

b. Surface densified PICA samples

Surface densification was performed on several PICA
samples in an attempt to improve the ablation character-
istics of PICA at high stagnation pressure test conditions
without significantly increasing the overall density of
PICA. Thefirst four surface densified PICA samples
were produced with different densification methods
(shown in table 1) to determine the best composition.
These four samples were tested at 575 Btu/ft2-s for

25 seconds, and the result, shown in table 5, shows a
variation in both surface recession and Hggt. A similar
trend of ablation characteristics is observed for the
surface densified PICA where the material is most
efficient at heating rates above 1200 Btu/ft2-s. Figure 19
showsthat Hs peaks at about 1200-2100 Btu/ft2-s, and
has not yet shown any signs of failure due to spallation.

A comparison of in-depth temperature responses is shown
in figure 20 for standard and surface densified PICA
samples at 750 Btu/ft2-s, 0.43 atm stagnation pressure,
and atotal heat load of 18,750 Btu/ft2. The surface
temperature of the densified sample is approximately
4800°F, slightly less than standard PICA, and at 1 inch
from the surface, the densified sample in-depth tempera-
ture peaks around 540°F, 125 degrees less than the
standard PICA. At 1.5 inches from the surface, the
densified sample temperature reached 335°F, approxi-
mately 15 degrees less than the standard PICA sample.
These temperature profiles of standard PICA and surface
densified PICA show a small difference in the in-depth

temperature response between the two materials. Itis
perhaps due to arelatively thin layer of densification
(0.25 inch depth) which absorbs more energy to pyrolyze
the additional phenolic and thus allows less energy to
penetrate into the model. In addition, the charred surface
is being densified by the pyrolysis of the phenolic and
thus reduces hot gas ingestion, or in-flow, which would
influence the in-depth thermal response. More thermal
response and ablation data for surface densified PICA
will be obtained in future arc jet tests.

Additional in-depth thermal responses of other surface
densified PICA samples, tested at a wide range of heat
fluxes, areincluded in Appendix B. Visual inspection of
the surface of the post-test models indicates that the
surface densified PICA has a smoother surface than that
of standard PICA. This observation is expected since the
densified PICA has a higher loading of phenolic, which
deposits a high char residue at the surface.

¢. Carbon Fiberform samples

Severa samples of the carbon substrate were tested to
compare against the PICA samples at similar conditions.
Figure 21 shows the performance of the carbon samples
as afunction of cold wall heat flux at various stagnation
pressures. The Hegs drastically decreases at heating rates
above 1200 Btu/ft4-s where the carbon Fiberform exhibits
mechanical failure. The carbon samples burned through
at 750 Btu/ft2-s and 0.34 atm stagnation pressure, and at
1200 Btu/ft2-s and 0.34 atm stagnation pressure. The
Fiberform does not have sufficient strength to withstand
the high stagnation pressures, and thus recessed consid-
erably at low heating and stagnation pressure conditions.

The carbon Fiberform test samples were instrumented
with one thermocouple, and figure 22 shows an example
of the carbon Fiberform tested at 1225 Btu/ft2-s,

0.23 atm stagnation pressure, and atotal heat load of
24,500 Btu/ft2. At 1.5 inches from the surface, the
temperature peaks at about 600°F. The low surface
temperature measurement was due to the misalignment
of the pyrometer. This in-depth thermal response demon-
strates the effect of internal radiative heat transfer,
mentioned above, on the thermal conductivity of carbon
Fiberform. As expected, the ablating surface of the
undamaged Fiberform samples was significantly rougher
than that of the PICA.

d. Avcoat-5026 sample

Because of the limited supply of Avcoat and the fact that
itisno longer commercially manufactured, only one

sample of the material was tested to compare with PICA.
Avcoat isthe ablative material used as the forebody heat
shield on the Apollo. The Avcoat sample was tested at a



very high heating condition; a cold wall heat flux of
2960 Btu/ft2-s, a stagnation pressure of 0.43 atm, and a
total heat load of 29,600 Btu/ft2. Avcoat material was
previously tested at lower heating rates (ref. 1), and a
PICA sample was also tested at one of these conditions
for comparison purposes. The Avcoat sample had a
higher recession rate than the PICA material and thusits
effective heat of ablation was approximately 32% of the
PICA material.

To achieve the very high heating condition, the geometry
of the model was limited to a 0.500 inch radius cylinder
with a hemispherical nose. This geometry limitsthe
instrumentation schemes, and thus, the thermocouple
locations of the Avcoat model were not identical to that of
the PICA models. The surface temperature of the Avcoat
sample, as shown in figure 23, is approximately 800°F
less than the surface temperature of the PICA sample
tested at the same condition, due to the high blowing rate
and high thermal conductivity of the Avcoat material.

2. Computational Material Response Using CMA

A material thermal response model for PICA was
generated from CMA93. CMA istypically used to model
one-dimensional transient transport of thermal energy in a
three-dimensional isotropic material which can ablate at
the surface, and can decompose in-depth. The material’s
preliminary physical, thermal, and optical property
measurements are used to generate an input deck
(included in Appendix C), and arc jet testing dataiis
used to validate the thermal model. The thermal response
model includes the B-prime table, effective thermal
conductivity, effective specific heat, and decomposition
kinetics. The validated thermal response model is then
used in calculating the required thickness of the heat
shield. Figures 24(a) and (b) are the resulting effective
thermal conductivity and effective specific heat of virgin
PICA and the char. As shown in figure 24(a), the thermal
conductivity of virgin PICA isinitially lower than that of
the charred PICA, and the trend crosses over at 3100°F.
Thisthermal response is expected since the char consists
of highly conductive graphite material (see XPS analysis
section below) whereas the loading of the phenolic resin
in the virgin PICA reduces the pore size and thus reduces
the internal radiation effect. Above 3100°F, the phenolic
within the PICA layer pyrolyzes and becomes charred.
However, in most analyses, the thermal conductivity

of PICA isonly valid at temperatures below 2000°F.
Figure 24(a) also shows that the measured thermal
conductivity is lower than that obtained from CMA.
Figure 25 shows the B prime curves for char and gas
pyrolysis at several pressures. As expected, the B prime
curves shift to the right as the pressure decreases.

3. Thermogravimetric Analysis (TGA)

Asan aid to understanding the thermal response and
ablation characteristics of PICA, afew post-test PICA
models were sectioned for further analysis. Figure 26
illustrates different regions in a cross-sectioned post-test
PICA sample (PICA-M2-7) tested at 1065 Btu/ft2-s,
0.34 atm stagnation pressure, and atotal heat load of
26,625 Btu/ft2. Material was removed at five stations
and analyzed with TGA. Resin content, Re(%), for each
station was cal culated based on the total mass loss from
the TGA results and is defined as follows:

Re(%) = % x100 ()
p

where my isthe mass loss of the sample, or mass removal,
and mp isthe massloss of pyrolyzed phenolic resin. The
resin content at each of the five locationsis shown in
figure 27. The char interfaceis very thin compared to that
of the pyrolysisinterface. A sample from the pyrolysis
region, approximately 0.4 inch from the surface, has a
6.1% resin content, and the pyrolysis/virgin sample, at
approximately 0.75 inch from the surface, has a 23.7%
resin content. The resin content reported for the station #5
was measured at 38.8%, which is consistent with the
TGA results shown in figure 11(a). Thickness of the char
and pyrolysis zones are estimated to be 0.12 inch and

0.6 inch, respectively. Thethick pyrolysis zone is perhaps
due to PICA’s high porosity which allows pyrolysis gas
to percolate to the front surface. Gas percolation is one of
the primary advantages in heat rejection for ablative heat
shield materials.

4. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) analysiswas
conducted by Charles Evans & Associatesto obtain

the elemental composition of small samples from
PICA-M2-7, which was tested at 1065 Btu/ft2-s,

0.34 atm stagnation pressure, and atotal heat load of
26,625 Btu/ft2. The XPS analysis was performed on the
char and the virgin portions of the sample. Asshown in
table 6, the char was almost entirely carbon, and the
virgin sample was predominantly carbon, with some
oxygen, nitrogen, and silicone. The presence of silicone
was due to contamination from the machining of the
samples for analysis.

5. Infrared (IR) and Ultraviolet (UV) Spectroscopy

Infrared (IR) and Ultraviolet (UV) reflectant spectra
were obtained for some of the post-test samples and IR
results are included in the Appendix D. A Perkin-Elmer
Lambda-9 spectrophotometer was used for measurements



from 0.25 um to 18 um and a BIORAD FTS-40 spectro-
photometer was used for measurements from 2.5 um to
18.0 um. Measured reflectances were converted to
emittances using the expression

g(\,Tr) =1-p(\, TR) (6)

which isvalid for adiffusely irradiated opaque surface
in thermal equilibrium with its surroundings at a
temperature Tr. The temperature dependence of the
wavel ength integrated hemispherical emittanceis
estimated by averaging the room temperature spectral
emittance values over the Planck distribution function
at temperature T, i.e,

L )\ue()\,TR)e)\b()\, T)dn

)\U
I exp(A, T)dA
Al

&(T) = )

Here A\, and A, are, respectively, the lower and upper
limits of the wavelength range over which p(\, TR)

was measured and ejp,(A, T) isthe Planck distribution.
This estimation procedure assumes that the spectral
hemispherical reflectance is aweak function of tempera-
ture and that the dominant contribution to the temperature
dependence of hemispherical emittance arises from the
wavel ength weighting of the Planck function. Planck’s
distribution was used to calculate the emissivity asa
function of temperature and is shown in figure 28. The
emittance of the virgin PICA is0.805 at room tempera-
ture and increases to 0.9 at 3000°F, at which PICA is
charred. The emittance of the char is 0.91 and decreases
with temperatures to 0.89.

Conclusion

An extensive arc-jet test series was conducted to further
investigate the newly developed PICA material. The
thermal performance and ablation characteristics were
observed from testing in awide range of cold wall heat
fluxes, stagnation pressures, and total heat loads. Several
material characterization tests were also performed to
investigate various properties of the virgin and charred
PICA material.

Figure 29 summarizes the thermal performance of PICA,
surface densified PICA, Fiberform, and Avcoat materials
asafunction of cold wall heat fluxes. The effective heat
of ablation of surface densified PICA is about factor

of two higher than that of PICA and is an order of
magnitude higher than that of Avcoat material. The

Fiberform performed poorly; especialy where the
stagnation pressure exceeded 0.3 atm regardless of the
heating rates. The ablation characteristic of PICA isvery
uniform, and no spallation occurred at pressures as high
as 0.43 atm. In-depth temperature profiles reveal fairly
good insulative properties and show that PICA heatshield
thickness could be minimized due to its good in-depth
thermal response.

Surface densification of PICA showed promising
improvement over standard PICA, in terms of surface
recession. Testing of surface densified PICA shows lower
surface temperatures, less recession, and thus higher
effective heats of ablation. In-depth thermal response

of densified PICA showed a small difference when
compared to standard PICA, which is consistent with the
fact that the surface densification only affects the surface
properties and performance. Thisimprovement could be
significant for future far-planet discovery missions where
surface pressures could reach as high as 10 atm and
heating rates above 1500 Btu/ft2-s. Surface densified
PICA and standard PICA offer great weight savings over
conventional ablators, i.e., Avcoat and carbon-phenolic,
due to their low density, low thermal conductivity, and
high effective heat of ablation. These new materials offer
aweight savings of more than 50% over the traditional
ablators, and that savings could be directly translated to
an increase in scientific payload.
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Table 1. Surface densified PICA composition

Model ID Fiberform density, Final density, Surface densification (tip density/thickness),
Ibyy/ft3 Ibyy/ft3 Ibpy/ft3/in.
PICA-M3-28D 9.560 18.280 63.23/0.125
PICA-M3-29D 9.380 18.020 63.38/0.125
PICA-M3-30D 9.540 16.700 60.53/0.125
PICA-M3-31D 9.620 16.760 58.22/0.125
PICA-M3-13D 11.666 23.160 46.80/0.25
PICA-M3-21D 11.514 22.497 47.04/0.25
PICA-M2-D1 10.764 22104 46.70/ 0.25
PICA-M5-28D 8.550 20.893 55.32/0.25
PICA-M5-29D 8.680 21.290 46.74 1 0.25
PICA-M4-B-D 10.777 21.880 52.40/0.50

Table 2. Average tensile strength of PICA-14

PICA direction Transverse In-plane
Average tensile strength, | bf 32.9 221.8
Standard deviation, |bf 3.223 27.50
Coefficient of variation 0.098 0.124
Average modulus, Psi x 103 3.100 62.350
Standard deviation, Psi x 103 0.198 5.690
Coefficient of variation 0.064 0.0956
Average strain of failure, % 0.921 0.442
Standard deviation, % 0.101 0.0649
Coefficient of variation 0.11 0.147

Table 3. Calibration data

Current Pgy Pyt Position P q(4incd) q(4in.D) q(3in.D) q(3in.D) q(2in.D) q(1in.D)

(amps) (psia) (psia) (in) (am) (Btu/ft2-sec) model model R corr* R corr R¢ corr
2300 73 115 9 0.30 300 300 350 425 669 1044
2300 73 115 4 0.43 375 375 400 533 837 1305
2500 47 47 6 0.42 500 500 575 710 1116 1740
3200 101 101 14 0.21 450 450 500 639 1000 1566
4000 105 105 8 0.29 550 550 600 781 1225 1914
4500 115 115 4 0.43 750 750 900 1065 1674 2610
5500 52 B2 14 0.11 400 400 450 568 893 1392
6000 115 115 14 0.23 550 550 600 781 1225 1914
6000 115 115 8 0.34 750 750 850 1065 1675 2610
6000 115 115 4 0.43 850 850 1000 1200 1900 2960

*R¢ corr: corrected for model corner radius.



Table 4. Test conditions

60 MW IHF Lightweight Ceramic Ablator test

T/Cloc
Diam Density Runno./ Current Pch Priot q Pr, x* Time (from surface)
Model ID in. Ibm/ft3 date amp psia psia B;u/ am in. sec in. (nominal)
fte-s
PICA-M3-10 3978 15933 63/4-18-95 2300 73 115 3755 043 4 25 10**
PICA-M3-8 3.997 17.039  34/3-14-95 5500 50-53 50-53 400 011 14 25 N/A
PICA-M2-6 3.004 16.045 61/4-18-95 2300 73 115 425 030 9 25 0.25,05,0.75
PICA-M3-11 3993 15875 37/3-14-95 3200 100-102 100-102 450 021 14 25 N/A
PICA-21G-PS 4001 15260 61/10-3-95 2500 47-48 47-48 500 042 6 25 05,10,15
PICA-M3-12 3982 15591  34/7-27-95 2500 47-48 47-48 500 042 6 11 05,075
PICA-M3-9 3992 15.719 42/3-16-95 4500 115-117 115-117 750 043 4 25 10,15
PICA-M3-14 3997 15.830 73/4-24-95 6000 115-117 115-117 850 043 4 22 10
PICA-M1-1 2007 16.185 38/3-15-95 3200 102 102 1000 021 14 25 1.0**
PICA-M2-7 3.003 15.978 40/3-15-95 6000 115 115 1065 034 8 25 15
PICA-M2-5 3.010 16.555 71/4-20-95 6000 115 115 1200 043 4 17 0.25,0.5, 0.75**
PICA-M5-26 2.004 16.040 47/3-20-95 6000 115-117 115-117 1675 0.34 8 17 15
PICA-M1-2 2001 15.840 64/4-18-95 4500 115 115 1675 043 4 17 10
PICA-M6-27 2007 16.175 46/3-20-95 6000 116-117 115-117 1900 043 4 14 15
PICA-M4-A 1006 16.001 50/3-21-95 6000 115-117 115117 2960 043 4 10 25
PICA-M3-28D 3.000 18280 56/9-27-95 2500 47-48 47-48 710 042 6 25 N/A
PICA-M3-29D 3.000 18.020 59/10-2-95 2500 47-48 47-48 710 042 6 25 051015
PICA-M3-30D 3.000 16.700 60/10-3-95 2500 47-48 47-48 710 042 6 25 05,10,15
PICA-M3-31D 3.000 16.760 58/10-2-95 2500 47-48 47-48 710 042 6 25 051015
PICA-M3-13D 3990 23160 43/3-16-95 4500 115-117 115-117 750 043 4 25 10,15
PICA-M3-21D 3.991 22497 74/4-24-95 6000 115-117 115-117 850 043 4 22 10
PICA-M2-D1 3.006 16.005 44/3-17-95 6000 115 115 1200 043 4 17 10,15
PICA-M5-28D 1989 20.893 45/3-17-95 6000 115 115 1900 043 4 14 15
PICA-M5-29D 2005 21.290 55/3-23-95 6000 115 115 1900 043 4 14 15
PICA-M4-B-D 1003 21880 68/4-19-95 4500 105-107 115117 2610 043 4 10 10
CARBON-M3-15 3.967 10491  35/3-14-95 5500 50-53 50-53 400 011 14 25 N/A
CARBON-M3-20 3.992 11424  41/3-16-95 6000 115 115 750 034 8 25 10,15
CARBON-M1-16 2.008 11.035 39/3-15-95 4000 105 105 1225 029 8 25 10
CARBON-M5-30 1.989 10.890 49/3-21-95 6000 115-117 115-117 1225 023 14 20 15
CARBON-M5-31 2.005 11.079 48/3-20-95 6000 115-117 115-117 1675 034 3 17 15
AVCOAT-1 0.994 32.000 54/3-23-95 6000 115-117 115-117 2960 043 4 10 25

*Longitudinal location of model from nozzle exit.
**T/C inoperable during test.
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Table5. Test results

60 MW IHF Lightweight Ceramic Ablator test

Stagnation
point Average Surface

Density q Pio Testtime Massloss recession  recession temp Heff**
Model 1D lby/ft3  Btuft?-s  am sec lbm in. in. deg F Btu/lbpy,
PICA-M3-10 15.933 375 0.43 25 0.054 0.349 0.374 4100 18,879
PICA-M3-8 17.039 400 0.11 25 0.033 0.100 0.119 4500 59,182
PICA-M2-6 16.045 425 0.30 25 0.028 0.307 0.303 4400 26,226
PICA-M3-11 15.875 450 0.21 25 0.031 0.163 0.185 4700 45,967
PICA-21G-PS 15.260 500 0.42 25 0.043 0.147 0.210 4900 46,808
PICA-M3-12 15.501 500 0.42 11 0.024 0.102 0.115 5200 36,811
PICA-M3-9 15.719 750 0.43 25 0.041 0.211 0.255 5100 56,133
PICA-M3-14 15.830 850 0.43 22 0.043 0.203 0.219 5100 64,729
PICA-M1-1 16.185 1000 0.21 25 0.014 0.185 - 4600 100,193
PICA-M2-7 15.978 1065 0.34 25 0.025 0.242 0.262 5500 76,322
PICA-M2-5 16.555 1200 043 17 0.022 0.191 0.208 4700 71,092
PICA-M5-26 16.040 1675 0.34 17 0.010 0179 0.191 4400 111,534
PICA-M1-2 15.840 1675 0.43 17 0.013 0.213 - 2800* 101,277
PICA-M5-27 16.175 1900 0.43 14 0.010 0.166 0.193 5000 102,250
PICA-M4-A 16.001 2960 0.43 10 0.004 0.244 - 4500 90,978
PICA-M3-28D 18.280 710 0.42 25 0.038 0.094 0.138 4700 84,435
PICA-M3-29D 18.020 710 0.42 25 0.040 0.115 0.154 4700 76,755
PICA-M3-30D 16.700 710 0.42 25 0.037 0.159 0.212 5000 60,163
PICA-M3-31D 16.760 710 0.42 25 0.038 0.143 0.221 5100 57,506
PICA-M3-13D 23.160 750 0.43 25 0.063 0.110 0.118 4800 82,331
PICA-M3-21D 22.497 850 0.43 22 0.056 0.107 0.115 4800 86,736
PICA-M2-D1 22,104 1200 0.43 17 0.036 0.142 0.100 4900 110,749
PICA-M5-28D 20.893 1900 0.43 14 0.025 0.086 0.098 4600 155,896
PICA-M5-29D 21.290 1900 0.43 14 0.026 0.079 0.095 4700 157,821
PICA-M4-B-D 21.880 2610 0.43 10 0.007 0.087 - 4000* 164,534
CARBON-M3-15 10.491 400 011 25 0.013 0.137 0.153 4800 74,761
CARBON-M3-20  11.424 750 0.34 25 0.028 burn- - 5600 DNC***

through
CARBON-M1-16  11.035 1225 0.29 25 0.009 0.371 - 5500 89,766
CARBON-M5-30  10.890 1225 0.23 20 0.007 0.310 0.346 2300* 78,027
CARBON-M5-31 11.079 1675 0.34 17 0.007 burn- - 4300 DNC***

through
AVCOAT-1 32.000 2960 0.43 10 0.009 0.312 - 4000 35,577

* Pyrometer misaligned.
**Hets based on average recession except where no average was taken; then based on stagnation point recession.
***DNC — did not calculate.
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Table 6. Elemental compositions and bonding information of char and virgin PICA

Atomic concentration (%)

Sample C @] N Silicone

Char 98 17 0 0.3

Virgin 79.1 18.2 21 0.6
Carbon % seen as:

Sample Graphite  C-C/C-H C-O Cc=0 0=C-O

Char 100 0 0 0 0

Virgin 4.3 48.5 31.6 9.6 21

Phenol and Formaidehyde

Ratio P/F less than 1 Ratio P/F greater than 1
(a) Alkalinelcatalyst Acidlcatalyst (b)
A-stage resin B-stage resin
and {Novolac)

B-stage resin

! Ground and mixed with

- ————— T—————— - various fillers and pigments.
I Hexamethylenetetramine
} (CH2)6N4 is added.

Casting Liquid resins Oil-soluble Moldin wder
for laminating liquid resins g po
and bonding \ for coa/tings
Curing Curing Curing Curing

\

Cured resin (C stage)

Figure 1. Production of phenol-formaldehyde resins. (a) One-stage process; the reaction is interrupted at A- or B-stage
resins to prevent crosslinking. (b) Two-stage process; because of deficiency of formaldehyde (P/F >1), the reaction can
be carried out nearly to completion without three-dimensional crosslinking. Final crosslinking is accomplished after
application of A- or B-stage resins or molding powder to produce a thermoset material .

_O—HZCO Q—C
S

Figure 2. Molecular structure of cured phenolic resins.
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Figure 3. Thermal conductivity of carbon Fiberform.
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Figure 4. Influence of Fiberform density on the conductivity parameter ‘A.’
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Figure 8. Thermal Diffusivity of PICA-15.
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Figure 9. Thermal conductivity of PICA-15.
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Figure 10. TGA of phenolic in argon.
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Figure 12. Tensile stress-strain curve of PICA-14 (transverse).
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Figure 13. Tensile stress-strain curve of PICA-14 (in-plane).
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Figure 16. Template for height gage thickness measurements.
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Figure 17. Effective heat of ablation for standard PICA at stagnation pressures from 0.1 to 0.43 atm.
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Figure 18. In-depth temperature response of standard PICA.
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Figure 19. Effective heat of ablation for surface densified PICA at a stagnation pressure of 0.43 atm.
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Figure 20. In-depth temperature response of surface densified PICA compared with standard PICA.
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Figure 21. Effective heat of ablation for carbon Fiberform at stagnation pressures from 0.1 to 0.34 atm.
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Figure 22. In-depth temperature response of carbon Fiberform.
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Figure 24(a). Effective thermal conductivity of standard virgin PICA and char.
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Figure 25. B’ curves for standard PICA char and gas pyrolysis.
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Appendix A

In-Depth Thermal Response
for Standard PICA
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Figure Al. In-depth thermal response for standard PICA.
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Figure A2. In-depth thermal response for standard PICA.
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Figure A3. In-depth thermal response for standard PICA.
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Figure A4. In-depth thermal response for standard PICA.
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Figure A5. In-depth thermal response for standard PICA.
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Figure A7. In-depth thermal response for standard PICA.
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Figure A8. In-depth thermal response for standard PICA.
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Figure A9. In-depth thermal response for standard PICA.
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Figure A10. In-depth thermal response for standard PICA.
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Appendix B

In-Depth Thermal Response
for Densified PICA
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Figure B1. In-depth thermal response for densified PICA.
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Figure B2. In-depth thermal response for densified PICA.

(4,) ainresadwa] /1

(4,) ainresadwa] o/1

39



PICA-M3-31D
gdot = 710 Btu/ft?-sec

P, =0.42 atm
Heat Load = 17,750 Btu/ft?
6000 = 600
[ Pyrometer 7]

5000 H o~ 4 s00
T 4 * 3 =
° A A . 3
5 4000 L ‘w-’\\\\ —: 400 o
g ry AN 4 3
o ) ] 0]
S 3000 / 4300 3
] . c
~ Pl . b
S 2000 V2 J200 =
g /] T/C location from surface 7 J
" T -————— 1.666" | ]

1000 — - — 1.765"| o 100

0 11 |||||||||||||||||||||||||||||||-0
0 50 100 150 200 250 300 350
Time (sec)

Figure B3. In-depth thermal response for densified PICA (cold air was discharged on model during cool-down period).
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Figure B4. In-depth thermal response for densified PICA.
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Figure B5. In-depth thermal response for densified PICA.

5000

4000

3000

2000

1000

o

Time (sec)

PICA-M5-29D
gdot = 1900 Btu/ft?-sec
P, = 0.43 atm
Heat Load = 26,600 Btu/ft?
-(. Pyrometer 7]
: L’ P ~ oo ... _:
- 7 - -
u r ]
= ’ -
i ' -
1 P ]
1 , .
1 , ]
1 ' =
x ! 7]
1 ’ ]
- 1 -
1 ! -
H ’ :
1 T/C location from surface 1]
17 . e 1.526" | 3
1M T T T B T T
50 100 150 200 250 300 350

600

500

400

300

200

100

0

Figure B6. In-depth thermal response for densified PICA.
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Figure B7. In-depth thermal response for densified PICA.
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Figure B8. In-depth thermal response for densified PICA.
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Appendix C

CMA Input Deck
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Appendix D

IR Reflectant Spectra for Selected
Post-Test Samples
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Figure D1. IR reflectant spectra for post-test standard PICA.
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Figure D2. IR reflectant spectra for post-test standard PICA.

25

61



62

% Reflectance

% Reflectance

PICA-M4-A
100

90 |
80 |
70
60 -
50
40
30

20
10 -(_f—’_/’—_v_rul

O 1 1 L 1 I 11 L1 I L1 L1 I L 1 1 L I L1 11

0 5 10 15 20 25
Wavelength, pm
Figure D3. IR reflectant spectra for post-test standard PICA.
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Figure DA4. IR reflectant spectra for post-test densified PICA.
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Figure D5. IR reflectant spectra for post-test densified PICA.
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Figure D6. IR reflectant spectra for post-test densified PICA.
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Appendix E

Photographs



Figure E1. Pre-test photograph of PICA-M3-8.

Figure E2. Post-test photograph of PICA-M3-8 tested
at 400 Btu/ft?-s, 0.11 atm stagnation pressure for
25 seconds.
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PICA-MA4-A

Figure E3. Pre-test photograph of PICA-M4-A (side view).

Figure E4. Post-test photograph of PICA-M4-A (front view) tested at 2960 Btu/ft?-s, 0.43 atm stagnation pressure, for
10 seconds.
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